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ABSTRACT

A fixed-geometry second-throat diffuser system was tested in an
open-jet wind tunnel at Mach numbers 3. 6 and 7. O. These tests were
conducted at Reynolds numbers of 1 x 10 6 and 2 x 10 5, based on expan
sion nozzle exit diameter. The investigation was conducted to provide
diffuser design criteria for the AEDC proposed Hypersonic True Tem
perature Tunnel (Tripltee). At Moo == 3.6, empty test section diffuser
efficiencies of 96 percent of normal shock recovery were achieved.
Under similar conditions at Moo == 7. 0, efficiencies of 90 percent were
obtained, thus establishing that reasonable diffuser efficiencies can be
obtained at both Mach numbers with a single diffuser system. Tunnel
operation was possible with conical models of up to 18-percent blockage,
but diffuser efficiency was reduced by 8 to 12 percent. Tunnel flow
could not be established with models in the test section. Models of 8-
to 10-percent blockage would not permit establishment of tunnel flow at
either Moo == 3.6 or 7. O. It was necessary to inject the models into the
flow after the tunnel was started. Limited diffuser heating rate data
were obtained at Moo == 7. O.
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SECTION I
INTRODUCTION

The design of a large scale, true temperature wind tunnel to be
known as IITripltee" is under study at the Arnold Engineering Develop
ment Center (AEDC). It is proposed that the exhauster systems of the
Rocket Test Facility (RTF) and the Propulsion Wind Tunnel Facility
(PWT) will be used to provide pressure ratio control and mass pumping
for Tripltee. The characteristics of these facilities and the desired
operating range for Tripltee require that efficient diffuser systems be
incorporated into the wind tunnel design.

In its initial phase, Tripltee is to operate at discrete Mach num-
bers between M m =: 3.0 and 7. O. It is to be a large facility, and it would
be highly advantageous to provide a single diffuser system that would
operate efficiently over the entire Mach number range. Detailed informa
tion for design of such open-jet diffuser systems was found to be quite
limited. Therefore, the present investigation was undertaken to provide
additional information necessary to establish definitive design criteria
for the full- scale Tripltee diffuser system.

Tests were conducted with a fixed-geometry second-throat diffuser
system. The diffuser design was established with the limited informa
tion available from the literature on open-jet diffuser systems. The
diffuser was tested with a series of aerodynamic models at Mach num
bers 3. 6 and 7. O. Axisymmetric nozzles used to generate these Mach
numbers were scaled models of those proposed for the Tripltee facility.

SECTION 1\
APPARATUS

2.1 GENERAL DESCRIPTION

The diffusers were tested in a continuous flow, nonreturn, open-jet
wind tunnel specifically designed and built for this experimental investiga
tion. The tunnel consists of a high pressure air source, air heater sys
tem, expansion nozzles, test cell, and diffuser system. Intermediate
ducting connects the tunnel to the RTF exhauster system, which was used
for tunnel pressure ratio control. The tunnel and its various components
are shown in Figs. 1, 2, and 3.

1
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2.2 AIR HEATER SYSTEM

Heat was added to the tunnel air by means of an electric resistance
heater. The air was heated by flowing in direct contact with six ele
ments whose temperature could be maintained at 2000°F. The heater
was designed and developed in the von Karman Gas Dynamics Facility
(VKF) at AEDC. It is capable of delivering 5 lbl sec of air at tempera
tures approaching 2000°F. The heater is described in detail in Ref. L
Electrical energy was continuously supplied to the heater from a d-c
power supply whose output power could be closely regulated. The
required input power levels to the heater were determined by monitor
ing the element temperatures and the air total temperature.

2.3 EXPANSION NOZZLES

The expansion nozzles used were axisymmetric, contoured nozzles
designed to generate parallel flow at Mach numbers 4 and 7. The nozzle
contour consists of a circular arc to the throat, an assumed cubic area
distribution from the throat to the inflection point, and a potential flow
characteristics solution contour from the inflection point to the nozzle
exit. Calculations of the potential flow contours were carried out using
the method of Cresci which is described in Ref. 2*. Viscous flow cor
rections were made to the contours by adding the boundary-layer dis
placement thicknesses calculated by the method of Sivells given in Ref. 3.

The Mach 4 nozzle was 34.48 in. long from throat to exit and had an
exit diameter of 8. 06 in. The Mach 7 nozzle was 48. 43 in. long and had
an exit diameter of 9.00 in.

The nozzle throat sections were jacketed to provide backside water
cooling, and the downstream expansion sections were cooled with simple
backside cooling coils. A typical arrangement of the nozzle cooling sys
tern is shown in Fig. 3.

Flows generated by these nozzles were of reasonably good quality.
This is demonstrated by the pitot pressure profiles that are presented
in Fig. 4. The profiles were obtained at a station O. 5 in. downstream
of the nozzle exit. The final Mach numbers realized with the nozzles
were 3.6 and 7. O. The boundary-layer displacement thicknesses cal
culated for the Mach 4 nozzle were too small. In addition, it was neces
sary to operate the Mach 4 nozzle at off-design conditions because of

>:<These calculations assume a constant specific heat ratio (y = 1. 4).

2
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limitations imposed by other test equipment. These factors resulted
in the nozzle generating a Mach number that was lower than its design
Mach number.

2.4 01 FFUSER SYSTEM

The diffuser system tested was a constant area duct, 40 in. in
length, fitted with a 7.5 -deg conical inlet and a 3 -deg conical exit.
The criterion used in selecting the diffuser design was that the diffuser
give good performance at both Mach 4 and 7 while operating with aero
dynamic models in the tunnel. Open-jet tunnel diffuser data, available
from the literature, indicated that this diffuser design would give good
results at both Mach numbers. Pertinent diffuser dimensions are given
in Fig. 5. The diffuser inlet was made in two sections to facilitate
changes in inlet length and entrance diameter. Inlet diameters of 10 and
12 in. were available with this arrC:J.ngement. The geometric open-jet
length of the wind tunnel was maintained at 1. 5 nozzle exit diameters
throughout the entire investigation. When the diffuser inlet length and
diameter were changed, the diffuser system was repositioned to main
tain 1. 5 nozzle diameters between the nozzle exit plane and the diffuser
inlet plane. All other geometric characteristics of the diffuser were
fixed.

Geometric contraction ratios provided by the diffuser were 1. 25
and 1. 56 for the Mach 3.6 and 7.0 systems, respectively. Contraction
ratio is defined as the ratio of nozzle exit area to diffuser second-throat
area. (See Ref. 4.)

The entire diffuser system was water cooled. The backside cooling
system of the diffuser is shown in Fig. 3. The constant area duct down
stream of the diffuser exit was spray cooled.

2.5 BLOCKAGE MOD ELS

The aerodynamic blockage models employed in this investigation
were uncooled, 15-deg half-angle blunt cones and a hemisphere-cylinder.
The models were sting mounted from a strut support system that pro
vided for manual injection and retraction from the flow. The models are
shown in Fig. 6. The blockage model dimensions are given in Fig. 7,
together with those of the model support system. Installation of two of
the models and the support system in the tunnel is shown in Figs. Sa and b.
Figure Sa is a multiple exposure photograph which demonstrates model
injection into the tunnel test section. The model nose stations were

3
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located 1. 75 in. downstream of the nozzle exit on the test section
centerline.

Pitot pressure measurements were made with orifices located at
the stagnation points on the models. This arrangement is shown in
Fig. 7. The 1. 99-in. cone model was not equipped for measuring pitot
pressure.

Solid blockage values for the models and support system are tabu
lated below. Two blockage values are given for each model to account
for the difference in size between the Mach number 3.6 and 7.0 nozzles,
The blockage values represent the combined blockage of the model and
support system for perfectly expanded, parallel flow from the nozzles.
That portion of the strut lying outside the assumed parallel flow field
was not included in the blockage values.

BLOCKAGE MOD EL CHARACTERISTICS

Solid Blockage,

Model Description
Model Base Model and Strut Percent of

A . 2 A . 2 Nozzle Arearea, In. rea, In.
Mach 3.6 Mach 7 Mach 3.6 Mach 7

1. 99 -in. Cone 3.10 4.99 5.30 9.8 8. 3

2, 53 -in. Cone 5.03 7.05 11. 1

3.10-in. Cone 7.55 9.08 9.39 17.8 14.7

2. 53 -in. Hemisphere- 5.03 7.05 11. 1
Cylinder

NOTE: Mach 3.6 Nozzle Diameter, 8.06 in. -Area, 51. 01 in. 2

Mach 7 Nozzle Diameter, 9.0'0 in. -Area, 63.70 in. 2

2.6 INSTRUMENTATION

2.6.1 System Control Instrumentation

The primary control problem encountered in operation of the wind
tunnel was that of controlling the resistance air heater. Heater input
power requirements were determined by monitoring the tunnel total
temperature and heater element temperatures. Tunnel total temperature

4
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was lTlcasured with four bayonet thermocouple probes installed in the
tunnel stilling chamber. The probes were connected electrically in
parallel to provide an average total temperature measurement. Heater
element temperatures were obtained from thermocouples imbedded
directly in the heater elements. These temperatures were monitored
to avoid exceeding an element temperature limit of 2000°F. Wind tun
nel stagnation pressure was measured with a pitot tube installed in the
stilling chamber of the tunnel.

2.6.2 Diffuser and Test Cell Instrumentation

Pressures and temperatures were measured throughout the test
cell and diffuser system. Locations of these measurements are shown
in Fig. 9. Pressures were measured with diaphragm-type, strain-
gage pressure transducers equipped with heat sinks for operation at low
absolute pressures. The heat sinks prevented transducer calibration
changes caused by resistance heating of the strain gage in a low pres
sure environment. Pitot pressure measurements were made at the two
locations indicated and at the stagnation point on the blockage models.
The pitot pressure probes were water cooled. All other pressure meas
urements were wall static pressures. The exhaust pressure measure
ment made at a station 240 in. downstream was used to control the tun
nel exhauster system.

Temperature measurements were made with thermocouples that
were installed directly into the exterior surfaces at the locations indi
cated in Fig. 9.

SECTION III
EXPERIMENTAL PROCEDURE

3.1 GENE RAL

Tests were conducted to determine diffuser pressure recovery per
formance at Mach numbers 3.6 and 7. O. Pressure recoveries were
measured for empty test section operation of the tunnel and with blockage
models present in the flow. The stagnation pressure and temperature
conditions at which the tests were conducted are presented in Fig. 10,
together with the test Reynolds numbers. The test conditions presented
in Fig. 10 show the relationship of test Reynolds numbers to those pre
dicted for Tripltee. Equipment limitations would not permit operation
at higher test Reynolds numbers.

5
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Diffuser pressure recoveries were measured for steady-state and
transient conditions over a large range of tunnel pressure ratios. Tun
nel pressure ratio, A, is the ratio of tunnel stagnation pressure to the
diffuser exit pitot pressure (A ;:: Pol (PO')DIF ). The tunnel was started
by lowering the tunnel exhaust pressure until supersonic flow was estab
lished throughout the test section and diffuser. Successive steady-state
data were then recorded as the tunnel exhaust pressure was raised until
the diffuser flow unstarted. Data were then recorded continuously as
the exhaust pressure was lowered until supersonic flow was re-established
or it was determined that the flow could not be restarted. When model
blockage effects on diffuser performance were to be evaluated, one of the
models was introduced into the flow after tunnel flow had been established.
Then a data recording sequence similar to that described above for empty
test section operation was carried out with the model in the tunnel test
section.

In every instance, an effort was made to obtain steady-state data
at the minimum pressure ratio for started flow and at the pressure ratio
required for restart. This aim was not always achieved because of the
inherent instability of shock systems in constant area ducts. The flow
cannot be controlled as these critical pressure ratios are approached.
Where steady-state data were not obtained at the critical pressure ratios,
they were inferred from the transient data that were continuously recorded.
Instrumentation response was sufficiently high that reliable values of the
critical pressure ratios could be obtained in this manner.

3.2 DATA REDUCTION

3.2.1 Diffuser Efficiency

The diffuser efficiency used in presenting the results of this investi
gation is defined as

Diffuser Exit Pressure (po '. )DIFF'
rt = x 100 x 100

Normal Shock. Recovery Pressure (p ')
o NE

This efficiency employs a reference normal shock recovery pressure.
The reference recovery pressure was measured with a flat-faced pitot
pressure probe on the centerline of the test section at an axial station
0.5 in. downstream of the nozzle exit. When the tunnel was operated
with blockage models in the flow, reference recovery pressures were
measured at the stagnation point on the models. These measurements
were made at an axial station 1. 75 in. downstream of the nozzle exit.
Differences in the reference recovery pressures measured at the two
stations were small and are included in the overall level of precision

6
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quoted for diffuser efficiency. The diffuser exit pressure was also
measured with a flat-faced pitot pressure probe located on the center
line of the diffuser duct.

3.2.2 Diffuser Heating Rates

Diffuser heating rates were computed from temperature measure
ments made on the diffuser. At Moo = 7.0, heating rates were calcu
lated, assuming thin shell radial heat transfer in a homogeneous
material, according to the following equation

• 1'1 T
Q/A=ptcp-s:e

Theoretical heating rates were calculated using the equation for
heat transfer in a tube with turbulent flow given in Ref. 5. Stanton
numbers were computed at the diffuser inlet and exit, and a linear
variation of this parameter was assumed to exist between these two
stations. Diffuser exit Stanton number was calculated assuming
adiabatic temperature recovery. The diffuser was divided into sec
tions of equal length, and a heating rate was calculated for each sec
tion. The flow enthalpy was adjusted at each section to reflect the loss
in energy to the diffuser wall in the previous section.

3.2.3 Test Section Flow Properties

Test section flow properties were determined from the tables and
charts presented in Ref. 6. The test section Mach number, Moo, was
determined from measurements of nozzle exit pitot pressure and tunnel
stagnation pressure and temperature. These measurements were cor
rected for caloric imperfections and related to perfect gas conditions to
permit use of the tables mentioned above. Similar corrections were
made to all other test section flow properties.

3.3 PRECISION OF MEASUREMENTS

A deadweight pressure calibration apparatus was used to make
periodic checks on each pressure transducer and the recording systems.
The recorders were adjusted to give full-scale output for the proper
pressure, and the calibrations provided the means for converting the
readings into pressure data.

No effective means were available for calibration of thermocouple
temperature measurements. However, the temperature measuring
systems were given periodic response and circuit resistance checks
to ensure proper operation.

7
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Estimates of the precision of measurements are presented below.
These estimates are based on consideration of all factors known to
influence these measurements. The precision levels presented corre
spond to a confidence level of 95 percent.

Po To

±O. 1 atm ±100oR ±O. 10

1/ P

±3 percent ±2 torr

o

Q/A
±0.05 Btu/ft 2-sec

SECTION IV
RESULTS AND DISCUSSION

Diffuser efficiencies and wall static pressure distributions are pre
sented for operation with the tunnel test section empty and with a series
of aerodynamic models in the flow. Diffuser heating rates are presented
for one Moo = 7.0 test. The measured heating rates are compared with
heating rates calculated from turbulent flow heat-transfer theory. The
optimum diffuser effiCiencies are summarized and compared with data
from other supersonic and hypersonic wind tunnels.

Diffuser efficiencies are presented over a range of tunnel pressure
ratios that includes both started and unstarted diffuser operation. When
the diffuser system is started, supersonic flow exists throughout the
diffuser inlet and second throat. Under these conditions the test cell
pressure is independent of tunnel pressure ratio. In this region two
specific flow conditions are used in presenting the data. 'IFlow Condi
tion 1" exists when excessive pressure ratio is developed across the
tunnel. Diffuser efficiency is low for this condition of operation.
"Flow Condition 2" is reached when the tunnel is operated at near
minimum pressure ratio. At Flow Condition 2, the diffuser is operat
ing at near-maximum efficiency. Further reduction of the tunnel pres
sure ratio causes the diffuser to unstart, and the test cell pressure
becomes dependent upon tunnel presst+re ratio. Flow through the diffuser
becomes subsonic, and the test cell pressure rises to levels much higher
than those associated with started diffuser operation. This condition is
defined as "Flow Condition 3" in the data presentation.

4.1 MACH NUMBER 3.6

Diffuser efficiencies are presented in Fig. 11 for the diffuser with
a 12-in. -diam inlet at Moo =3.6. The results of Fig. 11a typify the
operating characteristics of the diffuser system. A strong hysteresis
effect is observed with changes in tunnel pressure ratio. Test cell
pressure is seen to be independent of pressure ratio until the diffuser

8
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flow unstarts. With unstarted flow, test cell pressure reaches equi
librium at a pressure more than one order of magnitude higher than
that for started diffuser flow conditions. Restarting of the diffuser
system occurs at efficiencies that are approximately 27 percent lower
than the optimum efficiency at Flow Condition 2.

Diffuser wall pressure distributions are presented in Fig. 11a
for all three flow conditions. At maximum pressure ratio, supersonic
flow persists throughout the diffuser. This is manifested by small
pressure gradients through the diffuser and low diffuser efficiency.
Large gradients occur at near-optimum efficiency and are indicative of
proper diffuser performance.

When models are injected into the test section flow, the diffuser
efficiencies are reduced. Comparison of the results of Figs. 11b and
c with those of Fig. 11a, for empty tunnel operation, shows that diffuser
efficiency is reduced 6to 8 percent when the models are present in the
flow. The diffuser wall pressure distributions show that the models altel
the flow by delaying the compression process in the diffuser throat.
This causes the flow to negotiate the final shock system at higher Mach
numbers and results in reduced efficiency.

The diffuser system could not be restarted with any of the models
in the test section. The data of Figs. 11b and c show that, when the
diffuser could not be restarted, the test cell pressures remained
many times higher than when the diffuser was started.

At M
CD

= 3. 6, difficulty was encountered with empty test section
starting of the 12-in. inlet diffuser configuration. Several attempts
were usually necessary to effect started flow conditions.

Results obtained with the 10-in. -diam inlet configuration are pre
sented in Fig. 12. Comparison of these results with those obtained with
the 12-in. inlet shows significant gains in diffuser efficiency. At Flow
Condition 2, efficiencies obtained with models are 2 to 5 percent higher
than those obtained with the 12 -in. inlet system. Similar gains were
realized in empty test section performance.

Empty test section starting difficulties were not encountered with
the 10-in. -diam inlet diffuser configuration. However, the diffuser
still could not be restarted with models in the flow.

The effective open-jet length of the tunnel was varied during this
investigation. The effective open-jet length is the distance from the
nozzle exit to the point of flow impingement inside the diffuser inlet.
Reduction of the inlet length, while maintaining a constant geometric

9
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open-jet length, moves the point of flow impingement in the inlet closer
to the nozzle exit plane. This reduces the effective open-jet length.

The shorter effective tunnel open-jet length provided by the 10 -in.
inlet reduced blockage model influence on the diffuser flow compression
process. Contrasting the pressure distributions of Figs. llb and c
with those presented in Figs. 12b and c illustrates this point. The pres
sure distributions of Figs. 12b and c depict a smooth, conti:r;mous flow
compression that is indicative of proper diffuser operation. This is
ultimately reflected by the improved efficiencies obtained with the 10 -in.
inlet diffuser configuration.

Diffuser data were obtained at Moo = 3. 6 at two different reservoir
conditions with the 10-in. inlet configuration. A comparison of the two
test conditions is shown in Fig. 10. The two conditions were run at
essentially the same Reynolds number (Re '" 1 x 10 6) but with a large
variation in tunnel stagnation temperature. Comparison of the results
of Figs. 13a and b with those of Figs. 12a and c shows that diffuser
efficiency and general operating characteristics are not appreciably
altered by such changes in tunnel stagnation temperature. Similar
results were obtained from the investigation reported in Ref. 7 which
show that diffuser performance is not significantly affected by large
changes in stagnation temperature.

At Flow Condition 1 in Fig. 13b, the flow is supersonic throughout
the diffuser, and it is likely that flow separation has occurred in the
divergent portion. This condition indicates that the diffuser flow has
not been properly decelerated and gives rise to erroneously high dif
fuser efficiencies. The data at Flow Condition 1 are only presented
to demonstrate the operating characteristics of the diffuser system at
large tunnel pressure ratios.

Results presented thus far show that empty test section diffuser
efficiencies up to 96 percent of normal shock recovery can be obtained
at Mach number Moo = 3. 6 and Reynolds number 1 x 10 6 . Diffuser
efficiency is reduced 8 percent when a moderately blunt cone model
of 18-percent (3.1-in. -diam) solid blockage is present in the flow. The
diffuser could not be started with models in the flow. Rapid transient
starts were attempted with models, but started flow could not be
effected even under these conditions. The starting problem encountered
at Moo = 3. 6 with the 12 -in. inlet diffuser system indicates that open-jet
length and diffuser inlet geometry are critical factors in diffuser design.
This is confirmed by the conclusions reached in Ref. 7.

10
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4.2 MACH NUMBER 7.0 

The 12-in. -diarn inlet diffuser configuration was tested at Moo = 7. O. 
Results from these tests are presented in Fig. 14. The maximum empty 
test section efficiency from Fig. 14a is 90 percent. Fifteen-percent 
blockage of the test section with the 3. i-in. cone model reduced the 
diffuser efficiency to 78 percent. This is shown in Fig. 14d. Diffuser 
efficiencies obtained with two smaller cone models are presented in 
Figs. 14b and c. The hemisphere-cylinder model results presented in 
Fig. 14c are with the diffuser unstarted. Started flow could not be main-.~ 
tained when the hemisphere-cylinder model was injected into the test v/ 

section flow. The diffuser could not be started with any of the models in 
the test section. It was always necessary to inject the models after flow ) 
was established. .../ 

Diffuser pressure distributions presented in Fig. 14 show that a 
considerable portion of the compression process takes place downstream 
of the diffuser throat. These results indicate that the throat section was III V' 
too short to provide adequate shock compression length. Comparison of 
the pressure distributions of Fig. 11 with those of Fig. 14 shows the 
effect of throat length on the compression process. At Moo = 3.6 (Fig. 11) 
nearly all the flow compression takes place in the diffuser throat, indi-
cating that the throat length was properly sized for this test condition. 
These results indicate that higher efficiencies could be obtained at 
Moo = 7. 0 with a longer diffuser throat. 11 c// 

Measured and theoretical diffuser heating rates at Moo = 7. 0 are 
presented in Fig. 15. Heating rates were obtained by shutting off the 
diffuser cooling system and recording time histories of the diffuser tem
peratures. The measured heating rates were obtained for empty test 
section operation of the tunnel, at near-optimum diffuser efficiency. 
The diffuser wall pressure distribution presented was obtained at the 
same flow condition. The measured and theoretical results agree very 
well in the inlet and throat portion of the diffuser. Downstream of the 
throat, the results do not agree, which may indicate the presence of 
flow separation ih this portion of the diffuser. The limited results pre
sented indicate that the simple theoretical method, previously described, 
is adequate for predicting diffuser heat rates in these flow regimes. 

4.3 SUMMARY COMPARISONS 

The data presented in Fig. 16 illustrate the effect of model size and 
diffuser inlet geometry on the test cell pressure. The test cell pressures 
were obtained at Flow Condition 2, and the free-stream static pressure 

11 
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was assumed to be equal to the nozzle exit static pressure with no model 
in the airstream. The nozzle exit pressure was unaffected by the addi
tion of models except for the largest cone model at Moo = 3. 6 with the 
12 -in. inlet. For thif;1, case, the nozzle exit pressure was increased 
approximately 30 percent. At Mco = 3.6, the 10-in. -diam inlet config
uration shows a marked improvement in pumping effectiveness over 
the 12-in. inlet. 

A summary of optimum diffuser efficiencies is presented in Fig. 17. 
These results illustrate the effect of model size and diffuser inlet geom
etry on diffuser performance. The optimum efficiency corresponds to 
the maximum diffuser pressure for which the diffuser flow remains 
started. For some of the configurations, the data at Flow Condition 2 
correspond to the optimum efficiency. Where steady-state data were 
not obtained at the optimum efficiency, the curves of test cell pressure 
versus diffuser efficiency were faired between Flow Conditions 2 and 3 
on the basis of the transient pressure data obtained. The optimum effi
ciencies for these cases were obtained from the faired curves and are 

. indicated in Fig. 17 by the flagged symbols. 

Tunnel pressure ratios obtained during this investigation are pre
sented in Fig. 18 and are compared with similar data collected in other 
supersonic and hypersonic wind tunnels. The running pressure ratios 
with models were obtained with the 3. i-in. cone model. All starting 
pressure ratios were determined under empty test section conditions. 
These results show that pressure ratios obtained during this investiga
tion are comparable to those obtained in other supersonic and hyper-

. sonic wind tunnels. 

SECTION V 
CONCLUSIONS 

Open-jet wind tunnel tests of a given fixed-geometry second-throat 
diffuser system at Mach numbers 3. 6 and 7. 0 lead to the following 
conclusions: 

12 

1. Emptytesi section diffuser efficiencies of 96-percent 
normal shock recovery can be achieved at Moo = 3. 6 
and Reynolds number of 1 x 10 6. 

2. At Moo = 3.6, a moderately hl.ynt cone model of i8-percent 
solid blockage reduces diffuser efficiency to 88 percent of 
normal shock recovery. 
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3. Empty test section diffuser efficiencies of 90-percent
normal shock recovery can be achieved at Moo = 7.0
and Reynolds number of 2 x 10 5.

4. At Moo = 7.0, a moderately blunt cone model of 15-percent
solid blockage reduces diffuser efficiency to 78 percent
of normal shock re covery.

5. Conclusions 1 through 4 above establish that reasonably
good diffuser performance ca.n be achieved at both Mach 4
and 7 with a single diffuser configuration.

6. Diffuser flow could not be established at Moo = 3. 6 or 7.0
with models in the test section. Proper diffuser operation
could only be achieved by injecting the models into the
test section after diffuser flow had been established.

7. Diffuser efficiency is not significantly affected by large
changes in tunnel stagnation temperature.

8. Diffuser operation and performance is critically influenced
by the effective open-jet length of the wind tunnel and the
inlet ge ometry of the diffus er.

9. Limited diffuser heating rate data indicate that simple
theoretical turbulent flow heat-transfer predictions are
adequate for diffuser design purposes.
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a, Expansion Non Ie and Test Cell

b. Air Heater System

Fig,l Wind Tunnel Installation
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a. 2.5-in. Hemisphere-Cylinder

b. 3.1-in. Cone

Fig.8 Blockage Model Installation in the Wind Tunnel

22



{p~}
- lou;.

--! II-

~~ ~ ~.
bile

"'-. V

@PEXH SIO. 240 itt.

r h r-- '- I 1
(P~)DIFf'

~. -~~E

t
-@ - 1 1~

"'"
_0 P~IFF

""' ,- @ - ~

L U 7

'"'

'7\ '\1 '\ I f\ ~,\

f\ f\

f\ -TYPICAL )

I t I , , I I , , I I , I « I « , , , « I , , « , « 1 , ,

o 12 24 36 48 60 72 84 96 108 120 132 144 156 168 in.

@ PRESSURE MEASUREMENT

f\ TEMPERATURE MEASUREMENT

Fig. 9 Instrumentation Locations for Diffuser and Test Cell

l:\J
CJJ

>
m
o
n.
-I
;:0

0..
0.
~

~



AE DC-TR-66·11

2.0

TRIPLTEE MAXIMUM
ALTITUDE

1.6

CD
I

Q
)(

Q)

IX 1.2
2

IX • {PO = 0.96 otm
LLI

To 520 oRm =
:E I:::::>z

{PO
= 1.6 otm

(I) 0.8 To = 1970 oR
0
...J
0
Z
>-
LLI
IX

Po = 7.7 otm}
0.4 To = 1480 oR

I
Po = 3.3 otm}

To = 1490 oR

0
3 4 5 6 7 8

MACH NUMBER ~ Mao

Fig. 10 Summary of Wind Tunnel Test Conditions

24



....
~ 200
l

0-

W
<>0::

::>
<>(I)

(I)
100IAJ

0::
11.

0

§
(I)

0
AXIAL STATION

AEDC-TR-66-11

200 ,--------------------------------,

Po " 1.6 atm

To " 1970 oR....
(p~) NE " 217 torr£ 150

u TEST SECTION EMPTYCI.

W
0::
::>
(I) 100
(I)
IAJ
0::
11.

..J

..J
IAJ
0

l- SO
(I)
IAJ
I-

FLOW
CONDITION

o I
/). 2

<> 3o intermediate

0'--_--'-_--'-__"'--_-....._---"__"'--_-....._---'__..1...-_--1.-_---'__..1...-_--'

o 20 40 60 80 100 120

01 FFUSER EFFICIENCY, '? i PERCENT NORMAL SHOCK RECOVERY

a. Test Section Empty

Fig. 11 Diffuser Efficiencies and Static Pressure Distributions,
Moo = 3.6, 12-in. Inret

25



A EDC - T R -66-11

....
0
.. 200

~ ::j 0t

~ =:tQ, 6
~

I&J
a::
::>
l/)
l/) 100I&J
a::
n.
0

~ 0
I-'
l/)

0
AXIAL STATION

PEXH
@) .,

200

Po = 1.6 otm FLOW
To = 2000

0
R CONDITION..

(P~)NE = 217 torr..
0 I2 150
6 2

0 3
u

Q, 0 intermediate

I&J

Ia::
100::>

l/)

lID
a::
n.
J

I
J
I&J
0 50

70....

J
l/) in.I&J --L-....

0
0 20 40 60 80 100 120

01 FFUSER EFFICIENCY, "l' PERCENT NORMAL SHOCK RECOVERY

b. 2.0·in. Cone Model

Fig. 11 Continued

26



AE DC -TR -66·11

o

o
t
0

200...
a- o 0

ILl
a:
::l
I/)
I/)

100ILl
a:
Q.

!::!
~....
I/)

0
AXIAL STATION

@) @)

200

Po = 1.6 atm

To = 1950 oR
FLOW

... (P~)NE ,. 22 I torr CONDITION...

I
0 150 0 I...

t::. 2
u 0 :5

a-

t
0 intermediate

ILl
a: 100::l
I/)
I/)
ILl

I

a:
0..

-oJ
-oJ <x~ 50

....
~)

in .
I/)

LLILl....

0
0 20 40 60 80 100 120

DIFFUSER EFFICIENCY. 'fJ. PERCENT NORMAL SHOCK RECOVERY

c. 3.1-in. Cone Model

Fig. 11 Concluded

27



AEDC·TR·66·11

....
0..

200
Do

aJ'
a:
::::I
(I)
(I)
au 100a:a-
u... 0
~
VI

0

PEXH
@ @ @ @ @

200

Po = 1.6 atm FLOW
To = 1900 0 R CONDITION....

I~ (p~) NE = 221 torr 0150
/::; 2

Col 0 3
Do

TEST SECTION EMPTY 0 intermediateaJ
a:
::::I

100(I)
(I)
au
a:a-
..J
..J
au
u 50...
(I)
au...

Ol-.-_"""-_.....I.__.L.-_"""-_.....L__..L.-_...J-_.......__.L-._-'-_--JL.-_.L-._.....I

o 20 40 60 80 .100 120

DIFFUSER EFFICIENCY,7]. PERCENT NORMAL SHOCK RECOVERY

a. Test Section Empty

Fig. 12 Diffuser Efficiencies and Static Pressure Distributions,
M = 3.6, lO-in. Inlet

00

28



A ED C -T R ·66-11

o

FLOW
CONDITION

o I
6. 2
o 3
o intermed iate

O'---''-_'--_'--_L..-_L..-_L..-_L..-_L-_.l..--_..L...-_..L..-_l-----l
o 20 40 60 80 100 120

DIFFUSER EFFICIENCY. "7 • PERCENT NORMAL SHOCK RECOVERY

......
0 200..
l
~

0~

.....
II::
:;:)
(f)
(f)

100.....
II::
a..

0

S
(f)

0
AXIAL STATION

@

200

Po = 1.6 atm

To " 1900 oR
......

(P~)NE=2210 torr.. 150

cf
4w

II:: I:;:)

100(f)
(f).....
II:: Ia..
...J
...J !.....
0 50

ti I.....
I-

b. 2.0-in. Cone Model

Fig. 12 Continued

29



AE DC· T R·66·11

....
0

- 200l
Q..

l&J
a: 00;:)
(f)
(f)
l&J 100a:
a..

~
~ 0
~
(f)

0

PEXH

li>

200

FLOW
CONDITION

I

2
3

o
6
o
o intermediateI

~
I
I

t~
}------6

60 80 100 120
PERCENT NORMAL SHOCK RECOVERY

Po = 1.6 otm

To = 1990 0 R

( P~ ) NE = 2 I 2 torr

20 40
DIFFUSER EFFICIENCY. "I •

....
0 150-l
u

Q.

W
a:
;:)
(f) 100(f)
l&J
a:
a..
...J
...J
l&J
(.)

50
~
(f)
l&J
~

0
0

c. 3.1-in. Cone Model

Fig. 12 Concluded

30



A EDC·TR·66·11

......
0 150-

u
Cl.

~

W
£E:
::::l 100UI

f3
£E:
Q.

..J

..J
W
0 50
I-
UI
W
I-

0
0

0.96 atm

520 oR

123 torr

TEST SECTION EMPTY

FLOW
CONDITION

o I
6. 2

<> 3
o intermediate

120

DIFFUSER EFFICIENCY. 'TJ • PERCENT NORMAL SHOCK RECOVERY

a. Test Section Empty

Fig. 13 Diffuser Efficiencies and Static Pressure Distributions,
Moo = 3.6, lO·in. Inlet, Cold Flow

31



A ED C -T R-66 -II

~
~

~ 200
l
C\,

AXIAL STATION

200

A

LLI

~
f/)

f3 roo A
If VO

~
~

1500..
u

C\,

LJ'
a:

100:::l
f/)
f/)
LLIa::
Q.

..J

..J
LLI

50(.)

l-
f/)
LLI
I-

0
0

Po • 0.96 atm

To • 520 oR

(p~ )NE • 123 torr

20 40
DIFFUSER EFFICIENCY,

FLOW

CONDITION

o I
6 2o 3
o intermediate

o~.-/1
T~TI

3.1
In.

) ~
&<' 0

60 80 100 120

'rJ • PERCENT NORMAL SHOCK RECOVERY

b. 3.1·in. Cone Moder

Fig. 13 Concluded

32



AEDC·T R -66·11

30

......
o-
l

Q. 20

30 ~========:::::"'_----{'r-------------,

oL.--J.....--...l_...L..---L--I...J.j,===:::::t::!.~l::::::f::!l::::=l::::U!l:::==b====U-..L--l-_L..~-.-J

o 20 40 60 80 100 120 140 160 180

DIFFUSER EFFICIENCY, "'l' PERCENT NORMAL SHOCK RECOVERY

FLOW
CONDIT ION

I
2
3

o
6.o
o intermed ioteTEST SECTION EMPTY

Po = 3.30tm

To = 1490 oR

(p~ l NE = 38 torr

......
o-
u

Q. 20
ILl
a:
:;)
(/)
(/)
ILl
a:
0..

..J 10

..J
ILl
o
l-
(/)

ILl
I-

a. Test Section Empty

Fig. 14 Diffuser Efficiencies and Static Pressure Distributions,

Moo = 7.0, 12-in. Inlet

33



AEDC·TR·66·11

30

....
00R

l
a,

W
20

a:
:;)
(/)
(/)
I&J
a:
a.

10
u
i=
ocr...
(/)

30 ~==========~-----------------,

180

FLOW
CONDITION

I
2
3

o
6
o
o intermediate

Po = 3.3 atm

To • 1490 oR

(p~ 'NE· 38 torr

20 40 60 80 100 120 140 160
DIFFUSER EFFICIENCY. "J • PERCENT NORMAL SHOCK RECOVERY

b. 2.a-in. Cone Model

OL..-l---l._~-L-_ ..........l.l:::=tl.l::::::::'~==::l:=i:::JO.-L.._.l.---L......J,._.L---I...--I
o

a,U 20
~

I&J
a:
:;)
(/)
(/)
I&J
a:
a. 10
...J
...J
I&J
U

...
(/)
I&J...

....
o..

Fig. 14 Continued

34



AEDC-TR-66-11

30

....
o...
l
Q. 20
W
a::
:;:l
CI)

fa
a::
a.
~ 10

~

00

do

30 ~===========-------------------,

OL...l-.-L---L_J..---l----iJO:==l~::..:::;:::=..:r=::.:..=:::!c!..--L-L-..J..--L--I----.J

o 20 40 60 80 100 120 140 160 180

DIFFUSER EFFICIENCY, 'TJ I PERCENT NORMAL SHOCK RECOVERY

c. 2.S-in. Cone and Hemisphere-Cylinder Models

Fig. 14 Continued

cr intermediate

2.S-IN. CONE

FLOW
CONDITION

I
2
3

o
6o
o intermediate

HEMISPHERE-CY I

"-~.TII~.~~.S ~.SIn. In._____--'---.L- . --L

Po = 3.3 atm

To = 1480 oR

(p~ )NE = 38 torr

10

....
.e

u
Q. 20
W
a::
;:)
CI)
CI)
ILl
a::
a.
...J
...J
ILlo
I-
CI)

ILl
I-

35



AEDC·TR·66-11

AXIAL STATION

20 40 60 BO 100 120 140 160 IBO
DIFFUSER EFFICIENCY,,,.,, PERCENT NORMAL SHOCK RECOVERY

Po = 3.3 atm

To = 1500 0 R FLOW
CONDITION

(p~ ) NE = 3B torr
0 I

6- 2

0 3
0 intermediate

30

...
2 00
l
Q. 20

W
0::
::::>
f/)
f/)
ILl
0::
a. 10

30
......
0..

U
Q.

20
W
0::
::::>
f/)
f/)
ILl
0::a.
-I

10
-I
ILl
0

....
f/)
ILl....

0
0

d, 3.1-in, Cone Model

Fig, 14 Concluded

36



AEDC-TR-66-11

....
~

40 ~------------------------------.

!2
~

~II) OL..- ...L-'-- ----l

O. 8 ~-----------------------------,

u
III
I 0.6

N......
.....
~..
m
l
~ 0.4

'0

I&J

~
~ 0.2

~
I&J
:x:

6. MEASURED HEATING RATES

THEORETICAL HEATING RATES

Po = 3.3 otm

To = 1490 oR

(P~)NE = 38 torr

TEST SECTION EMPTY

24 48
AXIAL

6.
72 96 120 144

STATION, in.

@ J @ 0@ [ @

/\ 1\ 1\ 7\

@ PRESSURE MEASUREMENT
/\ TEMPERATURE MEASUREMENT

Fig, 15 Diffuser Heating Rate and Static Pressure Distributions,
Moo = 7.0, 12-in, Inlet

37



AEDC-TR·66·11

2.0
SYM MODEL CONF.

0 Tunnel Empty
0 2.0- in. Cone Model
0 2.5 - in. Cone Model
6 3. I - in. Cone Model

8 1.6
..e- Open Sym - Mach 3.6 data

o.U Solid Sym - Mac h 7. 0 data
..

0 12- in.-d iam

~ Inlet
0:: 1.2

w
0::
::>
C/)
enw
a:
Q. 0.8
-I 10-in:-dlam
..J Inletw
(,,)

....
C/)
lLI

0.4....

oO"--.....-.---I----I..---l-..-.J.--...I---.l.-----I.--.l....-.---J

8 12 16 20

PERCENT SOLID BLOCKAGE

Fig, 16 Model Blockage Effects on Test Cell Pressure, Moo 3.6 and 7.0

38



A ED C •T R·66· I I

20

Dota

SYM MODEL CONF.

o Tunnel Empty
o 2.0 - in. Cone Model
o 2.5-in. Cone Model
C) 3.1 - in. Cone Mode I

Open Sym - Mach 3.6 Data

Solid Sym - Mach 7.0 Data

Flaooed Sym - From Transient

~ I 00 r--------~-------------------.
W
>o
o
W
0::

~

o
o 90
:I:
(f)

..J
~
:E
0::
o
~ 80
z
w
o
0::
w
a.

l 70
~

>
(.)

z
w
(.)

lL 60
lL
W

0::
W
(f)
:::>
lL

lL 50
o 0

PERCENT SOLID BLOCKAGE

Fig. 17 Moder Blockage Effects on Optimum Diffuser Efficiency,
Moo = 3.6 and 7.0

39



AEDC-TR-66-11

1412

I~""",_IOO % NORMAL
SHOCK RECOVERY

COLLECTED DATA OF OTHER
SUPERSONIC AND HYPERSONIC
WIND TUNNELS

o Running Pressure Ratios

• Starting Pressure Ratios
Flagged Symbol - Without Model

DATA FROM PRESENT INVESTIGATION

o Running Pressure Ratio
With 3.1- in. Cone

• Starting Ratio
Without

6 8 10
MACH NUMBER - Mao

42
I
o

4

3

2

10

8

6

1000

800

600

400

300

200

•
100

...< 80

l
60

0
50% NORMAL SHOCK

I-« RECOVERYa:: 40
~ &'
0:: 30
::>
(J)

fa 20a::
0..

Fig,18 Comparison of Supersonic and Hypersonic Wind Tunnel Pressure Ratios

40



UNCLASSIFIED
Securi ty Classi fica tion

DOCUMENT CONTROL DA TA • R&D
(Security classification of title, body 01 abstract and indexing Bnno(ntion must be entered when the overall report is classified)

1 ORIGINATIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION
Arnold Engineering Development Center, UNCLASSIFIED
ARO, Inc. , Operating Contractor, 2b GROUP
Arnold Air Force Station, Tennessee N/A
3. REPORT TITLE
AN OPEN-JET WIND TUNNEL INVESTIGATION OF A FIXED-GEOMETRY
DIFFUSER SYSTEM AT MACH NUMBERS 3.6 AND 7.0

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

N/A
5 AUTHOR(S) (Last neme, first name, initial)

Austin, Richard F. , ARO, Inc.

6 REPORT DATE 7a. TOTAL NO. OF PAGES 17b·7NO. OF REFS
March 1966 46
8a. CONTRACT OR GRANT NO. AF40 (600) 1200 9a. ORIGINATOR'S REPORT NUMBER(S)

b. PRO.,lECT NO. 7778 AEDC-TR-66-11

c. Program Element 62410034 9b. OTHER REPORT NO(S) (Any othernumbera that may be 88algned
this report)

d. Task 777805 N/A
10. AVAILABILITY/LIMITATION NOTICES
Qualified requesters may obtain copies of this report from DDC, and
release to foreign governments or foreign nationals must have prior
approval of AEDC.
11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Arnold Engineering Development
N/A Center, Air Force Systems Command,

Arnold Air Force Station Tennessee
13. ABSTRACT

A fixed-geometry second-throat diffuser system was tested in an
open-jet wind tunnel at Mach numbers 3.6 and 7.0. These tests were
conducted at R~ynolds numbers of 1 x 106 and 2 x 105 , based on expan-
sion nozzle exit diameter. The investigation was conducted to pro-
vide diffuser design criteria for the AEDC proposed Hypersonic True
Temperature Tunnel (Tr ipl tee) . At Moo = 3.6, empty test section dif-
fuser efficiencies of 96 percent of normal shock recovery were
achieved .. Under similar conditions at Moo = 7.0, efficiencies of 90
percent were obtained, thus establishing that reasonable diffuser
efficiencies can be obtained at both Mach numbers with a single dif-
fuser system. Tunnel operation was possible with conical models of
up to 18-percent blockage, but diffuser efficiency was reduced by 8
to 12 percent. Tunnel flow could not be established with models in
the test section. Models of 8- to 10-percent blockage would not per-
mit establishment of tunnel flow at either Moo = 3.6 or 7.0.' It was
necessary to inject the models into the flow after the tunnel was
started. Limited diffuser heating rate data was obtained at Moo = 7.0.

UNCLASSIFIED
Security Classification



UNCLASSIFIED
Security Classification

14·
KEY WORDS

Tripltee

diffusers

fixed geometry

open-jet

performance

supersonic flow

hypersonic flow

wind tunnel models

blunt cones

hemisphere-cylinders

INSTRUCTIONS

LINK A

ROLE WT

LINK B

ROLE WT

LINK C

ROLE WT'

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De
fense activity or other organization (corporate author) issuing
the report.

2a, REPORT-· SECURITY CLASSIFICATION: Enter the~\'er

all security classification of the report. Indicate whether
"Restricted Data" is included. Marking is to be in accord
ance with appropriate security regulations.

2b: GROUP: Automatic downgrading is specified in 000 Di
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 'as author
ized.

;So REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica
tion, show title classification in all capitals in parenthesis
imrr.ediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e. g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Entel' tast name, first name, middle initial.
If :r.ilitary, show rank and branch of service. The name of
the principal cmthor is an absolute minimum requlrement.

6. REPORT DATE: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i. e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, Be, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINAToR'S REPORT NUMBER(S): Enter the offi
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
ass:.gned any other report numbers (either by the oriainator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim
itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) "Qualified requesters may obtain copies of this
report from DOC."

(2) "Foreign announcement and dissemination of this
report by DOC is not authorized."

(3) "u. S. Government agencies may obtain copies of
this report directly from DOC. Other qualified DOC
users shall request through

--------------------- ."
(4) "U. S. military agencies may obtain copies of this

report directly from DOC. Other qualified users
shall request through

--------------------_. "
(5) II All distribution of this report is controlled. Qual

ified DOC users shall request through

"--------------------- .
If the report has been furnished to the Office of Technical

Services, Department of Commerce, for sale to the public, indi
cate this fact and enter the price, if known.

11. SUPPLEMENTARY NOTES: Use for additional explana~
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay
ina for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re
port. If additional space is required. & continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in
formation in the paragraph. represented as (T5). (5). (C). or (U).

There is no limitation on the length of the abstract. How
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi
fiers, such 'as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con
text. The assignment of links, rules, and weights is optional.

UNCLASSIFIED
Security Classification


